Although collective cell motion plays an important role, for example during wound healing, embryogenesis, or cancer progression, the fundamental rules governing this motion are still not well understood, in particular at high cell density. We study here the motion of human bronchial epithelial cells within a monolayer, over long times. We observe that, as the monolayer ages, the cells slow down monotonously, while the velocity correlation length first increases as the cells slow down but eventually decreases at the slowest motions. By comparing experiments, analytic model, and detailed particle-based simulations, we shed light on this biological amorphous solidification process, demonstrating that the observed dynamics can be explained as a consequence of the combined maturation and strengthening of cell−cell and cell−substrate adhesions. Surprisingly, the increase of cell surface density due to proliferation is only secondary in this process. This analysis is confirmed with two other cell types. The very general relations between the mean cell velocity and velocity correlation lengths, which apply for aggregates of self-propelled particles, as well as motile cells, can possibly be used to discriminate between various parameter changes in vivo, from noninvasive microscopy data.
C
ollective motion of cells is crucial in many biological phenomena, including embryonic development (1), wound healing (2, 3), tissue repair (1, 4) , and cancer (1, 4) . Therefore, understanding the physics underlying how individually migrating cells combine their motion to collectively migrate is presently a matter of intense study. In this context, several studies have recently shown, by numerical simulations, that local alignment rules can result in the emergence of strongly correlated cellular motions in a confluent monolayer (5) (6) (7) (8) (9) .
As time passes, these cell movements in the monolayer slow down. This classic observation is usually associated with the socalled "density-mediated contact inhibition of locomotion" (10, 11) . To go further in the analysis of this phenomenon, several observations (6, 12, 13) and simulations (7, 14, 15) give an interesting new angle by emphasizing the analogy between a cell monolayer and a bidimensional "jammed" colloidal system, where the individual motions of the particles are confined in "cages" of the size of the particles, and where the whole system behaves as a solid (16) (17) (18) (19) . In particular, the increase in the characteristic length scales describing the velocity field as well as the presence of "giant" density fluctuations (20, 21) appear to validate this analogy. As a consequence, several theoretical descriptions have been proposed for these cell assemblies within the conceptual framework used to describe jamming in active systems (6, 12, 13, (22) (23) (24) .
Cellular density (the equivalent of the packing fraction in colloidal systems) is often assumed to be the principal control parameter in these systems (6, 12, (25) (26) (27) . However, because cellular densities vary between cell types and growing conditions, other parameters such as (i) cell−cell adhesion energy, (ii) magnitude of cellular forces and persistence time for these forces (28) , or (iii) cell shape (15) have also been considered. Any of these parameters could a priori contribute to the jamming transition, and discriminating between each contribution is not possible at present.
In the present study, we investigate the motion of a proliferating, motile, population of immortalized human bronchial epithelial cells (HBEC) (29) . Even though cellular density increases during the time course of our experiments, we find that it is not the main control parameter to describe the collective motion of these cells. Rather, we observe that the decrease in cell motility is due to the maturation of cell−cell and cell−substrate junctions. We find that the HBEC cellular monolayer changes from a fluid-like regime of fast motion at early times to an amorphous solid-like ("glassy") regime at late times, and this transition is mainly driven by changes in the cell−cell adhesion and friction. This transition can be formalized in a simple analytical model and in numerical simulations that both describe well our experimental observations. We furthermore demonstrate that the same framework describes cells that do not develop cell−cell adhesions (NIH 3T3 fibroblasts), as well as strongly adherent epithelial cells [Madin Darby Canine Kidney (MDCK)]. We thereby identify a cellular mechanism where the path to glassiness is dominated by increasing the effective interaction potentials, rather than density (18, 22) .
Results
Cellular Slowing Down and Evolution of the Velocity Correlations.
We have experimentally studied the dynamics of immortalized HBEC cells in a monolayer and its evolution over time. For these Significance Collective cell motion is very important in many biological processes such as wound healing, embryogenesis, or cancer progression. Nevertheless, it is not clear which parameters control the transition from freely moving single cells to collective jammed motion. In this article, we uncover complex dynamics as a cell monolayer ages, where cell motion is shown to gradually slow down with time, while the distance over which cell displacements are correlated first increases drastically and then decreases. This change of behavior is not controlled by cell density but rather by a maturation of the cell−cell and cell−substrate contacts. By comparing experiments, analytic model, and detailed particle-based simulations, we shed light on this biological amorphous solidification process.
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This article is a PNAS Direct Submission. weakly cohesive cells, confluence could not be accurately defined because, at low density, the cells were very dynamic, the population being best described as a cellular gas with low interactions between particles. This state was followed by a situation where the cells remained very motile but with no more voids between them because of the larger cell density ("fluid phase"), at which point the velocity gradually decreased. This system therefore exhibits fast keratinocytelike motion at early times and epithelium-like motion at late times. Of note is that, by analyzing the density fluctuations in the layer, we found the characteristic signature of nonequilibrium dynamics, namely giant number fluctuations (30) (Fig. S1) .
By mapping the displacement field within the monolayer over time (3) (Movie S1 and Fig. 1A) , we first measured the overall cell speed, or root-mean-square (rms) velocity v rms , in the layer and observed that it decreased monotonously (Fig. 1B) with time until it became too small to measure. We then computed the velocity−velocity spatial correlation function C vv ðrÞ for each time, from which we extracted a correlation length ξ vv ðtÞ ( Fig. 1C ; see details in Materials and Methods). This correlation length was small (of order two to three cell sizes) at the beginning of the experiment (Fig. 1D) , and then increased to a value corresponding to approximately seven cell sizes over the course of several hours. Eventually, at later times, ξ vv decreased again to the single cell size. Fig. 1C , Inset, demonstrates that a single exponential decay allowed us to extract ξ vv throughout the whole process of cellular slowing down.
Inspired by previous work (6, 12, 26) , we first tried to correlate this progressive slowing down of the cells with their surface density ρ. Indeed, because of proliferation, ρ did increase over time. However, the relation v rms ≈ 1= ffiffi ffi ρ p (25, 27) that has been previously found in another cell type was not consistent with the slowdown of the cells that we observed at long times, suggesting that it was not dominated by the increase in density. Furthermore, we noticed that, in the present case, the velocity decreased by a factor of 10 and the density increased only by a factor of 2 (from 1.5 × 10 5 cells per square centimeter to 3.2 × 10 5 cells per square centimeter) in the time course of our experiments (Fig. 1B) (compared with factors of 2 and 3, respectively, in ref. 27 ). Finally, because it was practically not possible to dynamically access the cell density from the phase contrast images in dense monolayers, we reasoned that, if density was the major control parameter, it is expected that different experiments performed with different initial seeding density would be described by the same ξ vv ðtÞ curve with a shift in times. This is not, however, what was observed ( Fig. 2A) . Furthermore, at a given time and for the same number of cells seeded on the substrate, ξ vv ðtÞ and ρ were found to be uncorrelated (Fig. 2B) . (The absolute value of Pearson's coefficient measured at different times over eight FOVs was smaller than 0.3.) Altogether, these observations point to an aging process of the monolayer distinct from a simple increase in density. By aging, we mean here that the cellular monolayer changes its dynamical properties with time, associated with the maturation of cell−cell and cell−substrate contacts.
Analysis in Terms of Effective Clusters. Motivated by these unexpected observations, we first analyzed the cellular layer in terms of fictitious clusters, which are defined to have the radius of the velocity−velocity correlation length ξ vv . Each such cluster is assumed to move as a solid object, so that all of the cells inside it have the same velocity, and are therefore perfectly correlated in their motion. This amounts to replacing the exponential decay in the velocity correlations by a step function at radius ξ vv .
We characterize the random active (motile) forces induced by the individual cells as having a typical force f 0 and a mean burst length τ noise (persistence time of the cellular traction force). We then solve the Langevin equation for the center-of-mass motion of a cluster (31) to access the average cluster speed, v rms , in the limit of vanishing inertial effects λτ noise 1, where λ is the effective friction coefficient of the cluster. In these active systems, v rms can be viewed as representing the effective temperature. We consider the two extreme cases of no correlation or perfect correlation between the individual traction forces of the cells inside the cluster. We therefore get v
where N is the number of cells in the clusters (N ∝ ξ 2 vv ). If the friction is dominated by the cell−substrate interactions, we have λ ∝ ξ 2 vv , and we get from Eq. 1 that (Fig. S2) 
For a partially correlated cluster, we therefore expect ξ vv ∝ v α rms , where α < − 1.
Another interesting limit is the situation where effective friction is dominated by cell−cell interactions rather than cell− substrate interactions. Then, most of the dissipation takes place at the perimeter of the clusters and, therefore, λ ∝ ξ vv . Using this relation in Eq. 1, we get (Fig. S2) v
We find that, for motion dominated by cell−cell friction, the rms velocity v rms increases with the correlation length ξ vv (Eq. 3). It is highly plausible that, when cell−cell interactions (effective friction) are strong, the cellular traction forces become highly correlated. In that case, our model predicts (according to Eq. 3) that ξ vv ∝ v rms . Motivated by this cluster analysis, we plotted the velocity correlation length as a function of the v rms of the cells (Fig. 2 C and  D) . All experiments (including different seeding densities) collapsed onto a characteristic universal bell-shaped curve (Fig. 2C) for different experiments, suggesting that v rms is indeed the correct control parameter. For large velocities, we find that the power-law relations (Eqs. 2) that predict an exponent −1 in the case of uncorrelated noise seem to describe the data reasonably well (Fig.  2D) , which would indicate that, in this regime, the effective friction is dominated by cell−surface interactions (as in ref. 31 ).
In contrast, at low velocities, the slope became positive, with the correlation length decreasing with further slowing down (bellshaped curve in Fig. 2 C and D) . The presence of such a second regime was highly surprising. Altogether, these data and analysis suggest that the layer is initially (high-speed regime) fluid-like with low coherence in the motile forces that neighboring cells exert, and is dominated by constant cell−surface effective friction. At later times (low speeds), the behavior changes, which may indicate that cell−cell (and cell−substrate; Fig. 3 ) interactions could dominate the internal friction and also give rise to correlated traction forces. Note that the density evolution is only secondary in this interpretation, in contrast with other systems (32) .
What could then be the mechanism driving this change in behavior of the cellular layer? Our simple clusters model hints at increased cell−cell interactions, so we sought to verify this prediction by looking for changes in the cadherin intensity at the cell− cell junctions. As shown in Fig. 3 A and B , we found that, as the cell layer ages, the cadherin concentration at the cell−cell junctions normalized by cytoplasmic cadherin concentrations, significantly increased between day 1 and day 3. This is in agreement with a similar behavior found previously in small cellular islands (33) , where the increase of cell−cell adhesion with culture age decreased the expansion velocity of the cells. We also found that cell−substrate adhesion, labeled by vinculin, which is a member of the focal adhesion (FA) complex (34, 35) , became more homogeneously spread over the entire cell−substrate surface with time (Fig. 3C) . The well-defined FAs that were initially present disappeared progressively between day 1 and day 3. From these observations, we can therefore conclude that, as time goes, the system ages by maturation of cell−cell cadherin-mediated contacts and cell−substrate adhesions.
We now consider a more detailed model for cell−cell and cell− substrate effective friction. We model the effective friction as arising from transient molecular adhesions that undergo binding− unbinding dynamics, and that are affected by the shear forces. The molecular linkers are of the "slip bond" type, so that applied shear forces due to relative velocity between the cells, or between the cell and substrate, tend to detach them (Fig. S4) . During the times that these linkers are attached, and stretched by the relative velocity, they exert a restoring force as they are assumed to behave as simple Hookean springs. This restoring force acts to resist the motion and therefore gives rise to an effective friction term. The strength of the friction coefficient due to these linkers depends on the number of attached linker (adhesion) molecules, and therefore increases sharply when the velocity is reduced and their detachment rate decreases. Details of the calculations are given in Supporting Information. The result is shown in Fig. 4 for uncorrelated motile cellular forces, and smoothly connects between the v rms ∝ 1=ξ vv behavior at large velocities and a turnover at lower velocities. There is good qualitative agreement between this theoretical result ( Fig. 4 and Figs. S5 and S6) and the experimental observations (Fig. 2C ). This suggests that the experimentally observed turnover in the v rms vs. ξ vv relation arises due to a continuous increase in the importance of cell−cell and cell−substrate frictions, through molecular adhesions, as the cellular layer slows down.
We tested the generality of the model with other cell types. MDCK cells develop very strong cell−cell adhesions, and NIH 3T3 fibroblasts remain highly motile and independent. These two cell types illustrate the limiting cases observed with the HBEC cells, with ξ vv increasing with v rms for MDCK and ξ vv decreasing with v rms for 3T3 cells (Fig. S7  A and B, respectively) . The model therefore appears very general and is applicable to other cell types in the relevant regimes.
Theoretical Model of Interacting Active Particles: Different Routes to
Slowing Down. The theoretical treatment presented so far in terms of effective clusters relates the mean cellular velocities (v rms Þ, that play the role of an effective temperature, to the velocity correlations length (ξ vv Þ (Eqs. 1-3 and Eqs. S1-S17), and it suggests a possible underlying mechanism leading to cellular slowing down in the first place.
To validate these predictions theoretically, we resorted to particle-based simulations of self-propelled (active) interacting particles (based on ref. 9) . In this simulation, we treated each particle as having a constant internal propulsive force, with a polarization vector that is diffusing freely in all directions. Each particle has the same properties, it is coupled to its neighbors through a short-range repulsive, medium-range attractive potential, and it experiences an additional velocity-dependent frictional force (both with the substrate and with neighboring cells). The details of the model and the fitting to the experimental data are given in Supporting Information. Note that this model was used without any explicit orientational interactions of the Vicsek type (5, 6, 8) in this system.
From the experiments (Fig. 3) and analysis (Figs. 2C and 4) described above, we have evidence that both cell−cell and cell− substrate adhesion evolve as the cell layer ages. However, there could, in principle, be several other changes in the cellular behavior that contribute to the effect of slowing down. The advantage of using simulations is that we can explore independently the different "routes" to slowing down, and compare them with the experiments. In addition to the effect of increase in the attractive interaction between the cells (described by the potential scaling factor k), we also consider the following effects: (i) decrease in the propulsion force f 0 produced by each particle, (ii) increase in the friction of the cells with the substrate λ 0 , and (iii) increase in the cell−cell effective friction λ cell . It is not a priori clear if all or any of these routes would give the experimentally observed relation between the velocity and correlation length.
In Fig. 5 , we summarize the results of the simulations. Interestingly, we find that each of these routes gives rise to distinguishably different scaling behavior. Stronger cell−cell adhesive contacts should manifest in our model as stronger cell−cell potential (k). We find that, when this parameter of the model increases in magnitude, the slowing down follows a scaling 1/ ξ α , with α ≅ 1 (Fig. 5A) . This is in agreement with the observed scaling in the experiments (Fig. 2D, fast regime) . The route of decrease in the traction forces or increase in cell−cell effective friction produces a much shallower scaling α < 1 (Fig. 5 B and C) , whereas increasing cell−substrate friction gives a completely opposite correlation (α < 0, Fig. 5D ). The case of increasing particle density that does not seem to pertain to the experiments we present here (Fig. 2B ) yields an exponent that strongly depends on the form of the interaction potential between the cells (Fig.  5E) , and its slope is generally not in the observed range.
Specifically, for increasing cell−cell attractive potential (k), we find that the same ξ vv ∝ v α rms scaling relation is satisfied continuously from the fluid phase (low k) all of the way to the solid phase (high k) (Fig.  5A) . Throughout, the velocity correlations decay with a single exponential, allowing us to extract ξ vv (Fig. S8) . The turnover in the observed v rms −ξ vv relation (Fig. 2 C and D) is therefore not directly due to the increasing strength of the cell−cell interaction potential alone. Following the analytic results of Fig. 4 , we simulate a system whereby we increase the cell−cell adhesion strength, while the cell−substrate friction increases in a nonlinear manner for slow velocities (large k). This is done following the indications from the analytic model that introduces a velocity-dependent effective friction coefficient (Fig. 4) , and due to the observation (Fig. 3B ) that shows evolving cell−substrate adhesion (and effective friction) as the layer slows down. The result of such simulations is shown in Fig. 5F , which resembles very closely the observations (Fig. 2C ) and the analytic calculation (Fig. 4 , purple line). This behavior was found to be a robust feature of the simulations, independent of the particular choice of parameters (Fig. S9) . Movies S2 and S3 visualize the dynamics in the fluid regime, and near the peak of the ξ vv vs. v rms curve (Fig. 5F ), respectively.
To conclude, we find, from the above comparison between the experiments and the theory, that the observed peak in the ξ vv vs. v rms relation (Fig. 2 C and D) is not likely to arise from a liquid−solid . Calculated v rms −ξ vv relation using the cluster analysis. Brown line, v rms ∝ 1=ξ vv relation for uncorrelated noise and constant friction (Eq. 2); blue and purple lines, uncorrelated noise and velocity-dependent cell−cell and cell− substrate friction, respectively (Eqs. S13 and S17 and Figs. S5 and S6) . At low velocities, the cell−cell or cell−substrate adhesion molecules are able to exert an increasingly effective friction due to their increasing lifetime. For cell−cell adhesion, we find that there is a minimal velocity at which the correlation length ξ vv vanishes (Eqs. S14). For cell−substrate friction, the ξ vv does not vanish at any velocity, but there is a pronounced maximum (Fig. S6 ). transition but is due to an increase in the effective cell−cell and cell−substrate frictions, as cell−cell and cell−substrate adhesions mature with time (Fig. 3) . Note that, because we are simulating a dense and constant density system, our results do not depend on the specific form of the effective interparticle potential. Note that use of an effective potential that acts between the cells (particles) is a coarse-grained simplification of the complex cell−cell interactions.
Dynamical Heterogeneities. The solidification process of disordered, glassy systems is often characterized by large dynamic heterogeneities (12, 23, (36) (37) (38) . One way that the dynamic heterogeneities are quantified is by analyzing the mean size of clusters of the fastest 20% of particles in the system (12) (ξ het ), which we plot as a function of v rms (Fig. 6A) . We find that ξ het does not scale with the velocities in the same way as ξ vv (Fig. 2 C and D) . Although ξ vv changes by a factor of ∼3 over the course of the layer aging, the heterogeneity length scale ξ het changes by a factor of ∼1.5 only. Compared to the simulations, this qualitative agreement is a further indication that, as the cellular layer slows down, it behaves as an amorphous, glassy solid. The inhomogeneous nature of the distribution of fast particles is shown in Fig. 6 B and D from the experiments and from simulations at the limits of cell−cell adhesion strength, respectively.
Conclusion
Let us summarize our main findings: We show that HBEC monolayers slow down over time, a process that is driven by the maturation of cell−cell (and cell−substrate) contacts. As the cellular monolayer slows down, we observe a change from a regime of fast-flowing cells that is dominated by a constant (i.e., velocity-independent) effective friction coefficient between the cells and the substrate to a regime of slow-moving cells that is dominated by a velocity-dependent effective friction coefficient. This transition in the system dynamics is driven by the increase in the effective friction coefficient when the relative velocity between the cells (and between the cells and the substrate) decreases.
At the slowest cell velocities, the motion within the monolayer is reduced to such low levels that, over the observation time, the cells hardly move beyond their own size. In this regime, the monolayer may be treated as an amorphous solid, for all practical purposes, and is therefore similar to the glass phase of nonliving amorphous matter. This similarity is demonstrated, for example, by the growth of dynamic heterogeneities shown in Fig.  6 . We do not observe any sharp "phase transitions"; rather, the slowdown is a dynamic change in the dominant internal forces that control the motion. In this respect, the cellular system studied here exhibits a path to glassiness that is dominated by increasing the effective interparticle interaction potentials, rather than density, in the classical glass phase diagram (18, 22) . This is somewhat similar to recent observations of jamming due to interplay between cell−cell interactions and cell shapes (39) .
These conclusions are derived using experiments, simple analytic models, and detailed particle-based simulations, which allow us to dissect the underlying mechanisms even in a complex system such as collective cell motion. We have also demonstrated that the general mechanism and analysis developed here work well either for cells that do not develop cell−cell adhesions (fibroblasts NIH 3T3) or cells that form strong adhesions (MDCK epithelial cells). In both cases, we were able to recover specific regimes observed when using HBEC cells: MDCK show the increase of ξ vv vs. v rms expected for cells developing adhesions, whereas the 3T3 cells show the regime of a decrease of ξ vv with v rms expected for cells that do not develop cell−cell adhesions (Fig. S7 A and B) . These two additional cell types show that the same theoretical framework can be applied to these very different situations.
Our study demonstrates that cellular layers behave as active, granular 2D matter. We find that velocity correlations arise due to the inherent persistence of the traction forces of the individual cells, even in the absence of explicit orientational interactions [such as of the Vicsek form (6, 7, 9) ]. Comparing the simulations and the statistical data from the experiments, we are able to determine that the dominant mechanism responsible for the cellular slowing down is driven by an increase of cell−cell adhesion. Orientational interactions that align the traction forces of neighboring cells do exist but do not seem to have a strong effect in the present system. Other cellular systems may be more strongly dominated by such interactions (8) . In fact, orientational ordering, similar to the changes in cell−substrate friction, produces a positive correlation between the cellular velocities and the velocity correlation length. Thus, we demonstrate that our framework allows us to conclusively discriminate between different types and classes of mechanisms that affect the collective dynamics in vitro. Therefore, it could, in principle, be directly applied to data acquired in in vivo situations.
Beyond cellular behavior, our work is relevant to the general study of active out-of-equilibrium systems. We obtain scaling relations between the velocity and the correlation length that dense active matter obeys, as it changes from a highly fluid to an amorphous (glass-like) solid.
Materials and Methods
Detailed materials and methods can be found in Supporting Information.
Cell Culture and Seeding. We conducted experiments using immortalized (29) HBEC, a kind gift from J. Minna's laboratory in Dallas, TX. HBEC cells were grown in supplemented Keratinocyte serum-free medium. MDCK and NIH 3T3 cells were grown in supplemented DMEM. For videomicroscopy experiments, cells were seeded on polystyrene-bottomed 12-well tissue culture plates, keeping track of the seeding cell density.
Microscopy. Time-lapse multifield experiments were performed in phase contrast on an inverted microscope equipped with a 10× objective, at 37°C under 
